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The invention is described in the following statement: 
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Technical Field 

The present invention relates to use of membrane-based electrophoresis 
technology for isolating/enriching a target cell population(s) from cell suspension 
mixtures containing at least two types cell populations. 

5 
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» Backoround Art 

Most cell separation methods provide enrichment of a cell population rather than 
true purification. Methods that provide pure cell preparations are often slow and have 
low recovery. A number of ceil isolation/separation techniques have been employed 

10 previously for purifying/enriching or removing a cell pop.ulation(s) from a suspension and 
can be divided into three categories (Kumar and Lykke, 1984). First, metiiods that 
exploit ph^lcal differences between cell populations (cell density, cell size, cell charge, 
optical properties) such as tsopycnic density gradient centrifugation, velocity 
sedimentation, electrophoresis, phase partitioning, and flow cytometry. Second, 

15 methods in which separation is based upon differences in properties of the cell surface 
(adhesion, and surface antigen such as affinity and magnetic methods). Third, methods 
. that separate cells on the basis of their functional characteristics such as proliferation, 
phagocytosis, and antigen recognition. 

Paradoxically, although the purpose is mainly to separate functionally different 
20 cell populations, there are very few existing methods that are actually based upon 

differences in cell function. Techniques based'upon cell surface properties have good 
correlation with functional differences between cell populations, in recent years, those 
methods have been more widely used, especially in tiie area of stem cell purification. A 
disadvantage with using affinity methods, for example, is that they can often be 
25 expensive or time-consuming to perform and can cause considerable damage to, or 
activation of, desired cells and/or can add undesirable agents to the purified or isolated 
cell suspensions (e.g toxins, proliferation-inducing agents, and/or antibodies). An 
additional problem in the purification of stem cells using antibody-based metiiods is that 
the most primitive stem cells may not possess the antibody-targeted cell surface marker 
30 (e.g CD34) and such cells will not be recovered. 

« 

The most widely used techniques are tiiose that rely on physical differences and 
electrophoresis falls into this category. The main fomn of electrophoresis used up to 
' now is free-flow electrophoresis. This form involves laminar flow of cells through a 
spedally designed diamber within an electric field. The different mobilities (different 
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charge to mass ratios) of the cells in the electric field allows the cells to separate and 
they are collected through multiple channels at the end of the chamt>er. The extent to 
which these correlate with functional properties of the cells is variable. 

Cell electrophoresis is a high resolution separation method. In traditional 
5 electrophoresis, sub-populations of cells for which no affinity ligand has been developed 
and for which there is no distinct size or density range are often separable on the basis 
of their electrophoretic mobility, which may be related to their function. The 

ft 

electrophoretic mobility of a cell is diirectiy correlated with the cellular negative surface 
charge density. 

10 The surface charge on cells will vary depending on the cell type, relative 

freshness of the cells, and the pH of the electrophoresis buffer used for separation. At 
physiological pH (around neutral), cells have a net negative surface charge and when 
placed in an electric field, they are deflected or moved towards the anode. In 
electrophoresis devices reported in the literature, fractionation is bas^d on 

15 electrophoretic mobilities of the cells (Smolka, Margel et al. 1979). 

Some of the challenges faced by early investigators of electrophoretic cell 

■ 

separation were excessive heat generation, degree of resolution of the separated 
fractions and scalability of the technology. 

The present inventors provide a reliable, reproducible, rapid, efficient, and cost* 

« 

20 effective method of enriching a cell population of interest in its original state or 

■ 

selectively removing a cell subpopulation(s) from a cell suspension mixture based on 
physical differences between cell types using membrane-based electrophoresis . 
technology. 



25 Disclosure of Invention 

In a first aspect, the present invention provides a process for separating a cell 
type from a mixture of cell types by electrophoresis, the method comprising: 
(a) providing a sample containing a mixture of cell types to an a sample chamber of 
electrophoresis apparatus comprising a first electrolyte chamber, a second electrolyte 
30 chamber, a first sample chamber disposed between the first electrolyte chamber and the 

second electrolyte chamber, a second sample chamber disposed adjacent to the first 
sample chamber disposed and between the first electrolyte chamber and the second 

■ 

electrolyte chamber, a first ion-permeable barrier disposed between the first sample 
chamber and the second sample chamber, the first ion-permeable barrier prevents 
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substantial convective mixing of contents of the first and second sample chambers; a 
second iorv-permeable barrier disposed between the first electrolyte chamber and the 
first sample chamber, the second ion-permeable barrier prevents substantial convective 
mixing of contents of the first electrolyte chamber and the first sample chamber, a third 
5 ion-permeable barrier disposed between the second sample chamber and the second 
electrolyte chamber, the third idn-permeable barrier prevents substantial convective 
mixing of contents of the second electrolyte chamber and the second sample chamber, 
and electrodes disposed in the first and second electrolyte chambers; and 
(b) applying an electric potential between the electrodes causing at least one cell 

10 type in the first or second sample chamber to move through the first ion-permeable 

barrier into the other of the first or second sample chamber, wherein at least about 50% 
of the at least one cell type remains viable or substantially unchanged after separation. 

The cell can be any cell type. Preferably, at least one cell type is selected from 
erythrocytes, leukocytes, marrow cells,- organ cells, stem cells, and tissue cells. 

15 In one preferred form, the sample contains at least two cell populations. The cell 

types can be derived from the same cell species but having different characteristics 
such as cell surface modifications for example, or can be of different ceil types. 

« 

The cell type of interest is caused to move out of the sample ttirough the first ion- 
permeable barrier into the other of the first or second sample chamber and unwanted 
20 cell types remain in the sample during electrophoresis. Alternatively, the cell type of 
interest may remain in the sample and unwanted cell types are caused to move out of 
the sample into the other of the first or second sample chamber during electrophoresis. 

Preferably, substantially all trans-barrier migration of the desired cell fype(s) 
occurs upon the application of the electric potential. 

25 In another preferred fomfi the step of applying an electric potential between the 

electrodes is maintained until at least one cell type reaches a desired purity level in the 

first or second sample chamber. 

In one form, the first ion-permeable barrier is an electrophoresis membrane 

having a characteristic average pore size and pore size distribution. In another form, all 
30 the Ion-permeable barriers are membranes having a characteristic average pore size 

and pore size distribution. This configuration of the apparatus is suitable for separating 

cells on the basis of charge and or size. 

The electrophoresis separation membranes are preferably made from 

polyacrylamide and have a molecular mass cut-off of at least about 5 kDa. The 
35 molecular mass cut-off of the membrane will depend on the sample being processed, 

the other molecules In the sample mixture, and the type of separation carried out. The 
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second and third banriers are preferably restriction membranes having a molecular mass 
cut off less than that of the first membrane. A restriction membrane is alsd preferably 
formed from polyacrylamide. The molecular mass cut-off of the restriction membranes 
will depend on the sample being processed, the other molecules in the sample mixture, 
5 and the type of separation carried out. It will be appreciated that the second ion- 
permeable handler may have a different molecular mass cut off to the third ion- 
permeable barrier. 

In another form, the second and third con-permeable barriers are membranes 
having characteristic average pore size and pore-size distribution. 

* 

10 Preferably, at least about 60%, more preferably at least about 70%, even more 

preferably at least about 80%, or up to about 90% of the at least one cell type remains 
viable or substantially unchanged after separation. 

The present invention can result in recovery rates of at least 50% active cell type 
of choice. Preferably, the recovery rates are much higher and In the order of 70% or 
15 greater. 

The sample may be processed in a static form in batdies or may be processed 
by moving the sample and electrolyte in streams through the apparatus. By 
convenience, the first sample chamber is called stream 1 and the second sample 
chamber is called stream 2. 

20 Prefenred voltages of range from alxjut 1 to 200 V. Experiments with cells have 

found that 60 V is suitable wth the apparatus used. 

Field strengths of about 10 to 100V/cm are preferred. Experiments with cells 

* 

have found that 50 V/cm is. suitable with the apparatus used. 

Electrophoresis run times ranging from about 2 to 60 mins are suitable. 
25 Experiments with cells have found that 10 minutes is suitable with the apparatus used. 

It will be appreciated that voltage, field strength and electrophoresis run times 
can vary depending on the cell type, apparatus and medium used. It is within the skill of 
the operator to determine optimum conditions for a given cell separation run. i 

Prefenred buffer concentrations are between about 1 00 to 400 mM. Any suitable 
30 buffer or electrolyte can be used. Suitable buffers include, but not limited to, cell- 

compatible biological buffers and components such as HEPPS, HEPES, BisTris, sodium 
chloride, phosphate buffer salts, sucrose, glucose and mannitoi. In experiments outlined 
below, a 270 mM buffer of HEPPS, BisTris, NaCI. sucrose and glucose has been found 
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to be suitable. It will be appreciated^ however, that any other suitable buffer can be 
used.. 

Cell concentrations of between about 10^ to 10^^ can be processed. 
Concentrations of between 10^-10^ have been successfully separated.. 
5 In a second aspect, the present invention provides a ceil type obtained by the 

process according to the first aspect of the present invention. 

In a third aspect, the present invention provides use of a membrane-based 
electrophoresis apparatus to separate a cell type from a mixture of cell types, wherein at 
least about 50% of the at least one cell type remains viable or substantially unchanged 
10 after separation. 

Gradiflow™ and Microflow^*^ are trade marks owned by Gradipore Limited, 
Australia. 

* 

Throughout this specification, unless the context requires otherwise, the word 
"comprise", or variations such as "comprises" or "comprising", will be understood to 
15 imply the inclusion of a stated element, integer or step, or group of elements, integers or 
steps, but not the exclusion of any other element, integer or step, or group of elements, 
integers or steps. 

m 

Any discussion of documents, acts, materials, devices, articles or the like which 
has been included in the present specification is solely for the purpose of providing a 
20 context for the present invf3ntion. It is not to be taken as an admission that any or all of 
these matters form part of the prior art base or were common general knowledge in the 
field relevant to the present Invention as it existed In Australia before the priority date of 
each claim of this application. 

In order that the present invention may be more cleariy understood, preferred 
25 forms will be described with reference to the following drawings and examples. 

Brief Description of the Drawings 

Figure 1 shows a time course of erythrocyte movement in the electrophoresis 
apparatus. 

30 Figure 2 is a graph of the time course of erythrocyte removal from an 

erythrocytes/leukocytes suspension mixture. 
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• Mode(s) for Carrvino Out the Invention 

Before describing the preferred embodiments in detail, the principal of operation 
of a membrane-based electrophoresis apparatus will first be described. An electric field 
. or potential applied to ions in solution will cause the ions to move toward one of the 
5 electrodes. If the ion has a positive charge, it will move toward the negative electrode 
(cathode). Conversely, a negatively-charged ion will move toward the positive electrode 

* 

(anode). 

In the apparatus used for present invention, ion-permeable barriers that 
substantially prevent convective mixing between the adjacent chambers of the 
10 apparatus or unit are placed in an electric field and a cell type or population in the 

sample is selectively transported through an ion-pemieable bam'er. The particular ion- 
pemieable barriers used will vary for different applications and generally have 
characteristic average pore sizes and pore size distributions and/or isoelectric points 
allowing or substantially preventing passage of different components. 

15 

APPARATUS 

A number of membrane-based electrophoresis apparatus have been developed 
by, or in association with, Gradipore Limited, Australia. The apparatus are mariceted 
and used under the Gradiflow^ name. In summary, the apparatus typically Includes a 

20 cartridge which houses a number of membranes forming at least two chambers, cathode 
and anode in respective electrode chambers connected to a suitable power supply, 
reservoirs for samples, buffers and electrolytes, pumps for passing samples, buffers and 
electrolytes, and cooling means to maintain samples, buffers and electrolytes at a 
required temperature during electrophoresis. The cartridge contains at least tiiree 

25 substantially planar membranes disposed and spaced relative to each other to form two 
chambers through which sample or solvent can be passed. A separation membrane is 
. disposed between two outer membranes (termed restriction membranes as their 
molecular mass cut-offs are usually smaller than the cut-off of the separation 
membrane). When the cartridge was installed in the apparatus, the restriction 

30 membranes are located adjacent to an electrode. The cartridge is described in 
AU 738361 . Description of membrane-based electrophoresis can be found in 
US 5039386 and US 5650055 in tiie name of Gradipore Limited, incorporated herein by 
reference. An apparatus particulariy suitable for use in isoelectiic separation 
applications can be found in WO 02/24314 in the name of The Texas A&M University 

35 System and Gradipore Limited, incorporated herein by reference. 
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One electrophoresis apparatus suitable for use in the present invention 
comprises: 

(a) a first electrolyte chamben 

» 

(b) a second electrolyte chamber* 

5 (c) . a first sample chamber disposed between the first electrolyte chamber and the 
second electrolyte chamber, 
• (d) a second sample chamber disposed adjacent to the first sample chamber 
disposed and between the fii^t electrolyte chamber and the second electrolyte chamber; 

(e) a first ion-permeable barrier disposed between the first sample chamber and the 
10 second sanfiple chamber, the first ion-permeable barrier prevents substantial convective 

mixing of contents of the first and second sample chambers: 

(f) a second ion-penneable barrier disposed between the first electrolyte chamber 
and the first sample chamber, the second ion-permeable barrier prevents substantial 
convective mixing of contents of the first electrolyte chamber and the first sample 

15 chamber; 

(g) a third ion-permeable barrier disposed between the second sample chamber and 
the second electrolyte chamber, the third ion-permeable bam'er prevents substantial 
convective mixing of contents of the second electrolyte chamber and the second sample 
chamber; and 

20 (h) electrodes disposed in the first and second electrolyte chambers. 

The electrophoresis apparatus may further comprise one or more of: 
(i) an electrolyte reservoir, 

(j) a first sample reservoir and a second sample reservoir, 
(k) means for supplying electrolyte from the electrolyte reservoir to the first and 
25 second electrolyte chambers; and 

(t) means for supplying sample or liquid from at least the first sample reservoir to the 
first sample chamber, or from the second sample reservoir to the second sample 
chamber. 

■ 

The apparatus may comprise: 
30 (m) a first electrolyte reservoir and a second electrolyte reservoir; and 

(n) means for supplying electrolyte from the first electrolyte reservoir to the first 
electrolyte chamber and electrolyte from second electrolyte reservoir to the second 
electrolyte chamber. 

The apparatus may further comprise one or rnore of: 
35 means for circulating electrolyte from the electrolyte reservoir(s) through the 

electrolyte chambers forming electrolyte streams in the electrolyte chambers; and 
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means for circulating contents from each of the first and second sample 
reservoirs through the respective first and second sample chambers forming first and 
second sample streams in the respective sample chambers; 

means for removing and replacing sample in the first or second sample 

5 reservoirs; and 

means to maintain temperature of electrolyte and sample solutions. 
In one fomri, the first ion-pemieable banier is a membrane having a characteristic 
average pore size and pore size distribution. In one preferred form, all the ion- 
permeable baniers are membranes having a characteristic average pore size and pore 
10 size distribution. This configuration of the apparatus is suitable for separating 
compounds on the basis of charge and or size. 

In another form, the second and third* ion-permeable bamers are membranes 
having a characteristic average pore size and pore-size distribution. 

In order to control substantial bulk movement of liquid under the influence of an 
15 electric field an inducible electro-endo-osmotic membrane can be used in at least one of 
the second or third ion-permeable barriers. The inducible electro-endo-osmotic 
membrane is preferably a cellulose tri-acetate (CTA) membrane. It will be appreciated 

* 

that the inducible electro-endo-osmotic membrane can be fomned from any other 
suitable membrane material such as poly(vinyl alcohol) cross-linked with glutaraldehyde 

* 

20 (PVAl+glut), 

The present inventors have found that a CTA membrane having a nominal 
molecular mass cut-^ff of 5, 10 or 20 kDa are particulariy suitable for use in the 
apparatus. It will be appreciated that other molecular mass cut-off? would also be 
suitable for the apparatus. 

25 The electrophoresis apparatus may contain a separation unit housing the 

chambers and ion-permeable barriers which is provided as a cartridge or cassette fluidiy 
connected to the electrolyte reservoir(s) and, if present, the sample reservoirs. 

In use, a sample containing cells to be separated is placed in the first or second 
sample chamber. Electrolyte is placed in the first and second electrolyte chambers. 

30 Electrolyte or other liquid can be placed in the first and/or second sample chamber. An 
electric potential is applied to the electrodes wherein a cell type in the first and/or 
second sample chamber is caused to move through a diffusion barrier to the second 
and/or first sample chamber. 
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RESULTS 

An example of an application for the present invention has been in the area of 
blood cell fractionation. A method has been developed for separating leukocyte and 

erythrocyte-containing blood or blood fraction (for example, buffy coat) into a fraction 

« 

5 enriched for leukocytes 80% of the original leukoc^es are recovered) and another 
fraction enriched for erythrocytes using a bench top analytical-scale apparatus, termed 
the Microflow*"^ apparatus by Gradipore Limited. This apparatus was originally ^ 
developed to separate macromolecules in small volumes and is described in 
WO 01/78878, incorpprated herein by reference. 

10 Because erythrocytes 7 pm diameter) and leukocytes (8-20 pm diameter) 

differ in size, a separation strategy based on a combination of size and charge was 
employed. 

Erythrocytes 

15 To initially determine the experimental conditipns used to move cells in the 

electrophoresis apparatus whilst preserving their viability, erythrocytes were used as a 
model system. Only cell preparations with high viability (i.e >90%) were considered for 
separation. Details of the experiment is outlined t>elow: 

20 * Buffer: Bis Tris, HEPES. NaCI, glucose, sucrose, pH 7.4 

* Conductivity: 4 mS/cm 

* Separation Membrane: 10 pm polycarbonate 

* Restriction Membrane: 5 kDa polyacrylamide 

« 

* Cathodic chamber 420 pi RBC (10^ ceiis/mll) 
25 * Anodic chamber: 420 pi buffer 

* Electric field strength: 50 V/cm 

The colour of erythrocytes provided a qualitative indication of their movement in 
the electrophoresis apparatus. The cathodic and anodic chambers were sampled at the 
30 times indicated in Figure 1. At zero time, when no voltage was applied, erythrocytes 
were mainly restricted to the cathodic chamber. The slight reddish cplour in the anodic 

chamber may represent cell-free hemoglobin released from fragmented cells. One 
minute after applying voltage, a major proportion of erythrocytes had transferred to the 
anodic chamber, and after 2 min, the transfer was almost complete. • Viability of the cells 
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was preserv9d as assessed by trypan blue exclusion test. Electroendo-osmosis was 
apparent by the bulk movement of fluid in the apparatus. 

Leukocytes 

5 Once conditions for erytlirocTte movement in electroptioresis apparatus was 

establisiied, tliese conditions fomied a l)asis for separating erythrocytes from ieulcocytes 
in buffy-coat enriched blood obtained from the Australian Red Cross. Leulcocytes 
constitute <1 % of total cells in blood, however, this numt)er is slightly Increased in buffy- 
<x)ai enriched blood. Leukocytes in the sample cell preparation were enriched prior to 

10 separation in the electrophoresis apparatus to allow for easy analysis following 
separation. 

Leukocytes were obtained by allowing the blood cells to sediment into their 
layers under unit gravity at room temperature for 2 to 4 h. The cell suspension for 
separation was prepared by mixing erythrocytes:leukocytes at a 1:1 ratio and diluting the 
1 5 mixture with separation buffer to achieve a cell concentration of about 10x10® cells/ml. 
in addition, the initial cell preparation was diluted with buffer to lower the conductivity of 
the plasma from 12 mS/cm to 4 mS/cm for effective cell separation to occur. Conditions 
used to remove erythrocytes from the cell mixture, thereby enriching for the leukocytes 
were similar to those used for the movement of erythrocytes described above except for 

20 

* Separation Membrane: 5 (jm polycarbonate 

• Cathodic chamber. 420 pi RBC + WBC (10® cells/ml) 

The results of the time course of erythrocyte removal from the 
25 erythrocytes/leukocytes suspension mixture are shown in Figure 2. Before applying 
voltage, approximately equal proportions of erythrocytesrieukocytes was present in the * 
cell suspension. Between 3 & 9 min of electrophoresis, the proportion of erythrocytes in 

■ 

the cathodic chamber decreased as most erythrocytes transferred across the separation 
membrane which represents a barrier to the larger leuko(^es. The leukocyte 
30 population in the cathodic chamber was highly-enriched (-80%) after 9 min 

electrophoresis (Figure 2). The viability of the cells was maintained after 9 min run. 
Electroendo-osmosis was observed and increased with higher cell concentrations. 
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SUMMARY 

The present invention uses a membrane-based electrophoresis system, called 
Gradiflow™, designed to enrich for, or remove, a cell population(s) from a cell 
suspension mixture of cell types. Central to the technology is a disposable membrane 
5 cartridge consisting of at least two membranes housed within the separation unit of the • 
instrument. An arrangement of ^ 1 separation membrane(s) between 2 restriction 
membranes forms (n+l ) chambers, where n is the number of separation membranes 
inserted. Electrophoresis buffer is positioned or circulates on the outside of the 
restriction membranes and perfonns the dual function of setting the pH of the system 
10 and cooling the electrophoresis chamber. Application of an electric potential induces 
migration of the cells within the separation unit By selecting an appropriate separation 
membrane pore size, isolation of cells by size fractionation can be achieved. 

The present invention details the first membrane-based electrophoretic system 
applied to the separation/removal of a cell population from a cell suspension containing 
15 at least two different cell types. Unlike traditional electrophoresis devices in which 
separation is based on relative electrophoretic mobilities of different cell types, the 
present membrane-based electrophoresis technology separates cells based on the 
combination of size and electrophoretic mobility. Advantages associated with the 
present invention for cell separation are that it is rapid and gentle, and preserves the m 
20 vivo status of the cells. This is in contrast to antibody-based methods which require an 
enzyme or chemical process to remove the affinity ligand bound to the cell surface, and 
thus may alter the cell surface properties. 

Cell separation has an important application In blood transfusion. Transfusion of 
whole blood containing donor leukocytes to a recipient can be hanrnful because certain 
25 cell typeg can cause irreversible damage to the blood recipients organs In 

« 

immunocompromised patients. 

Other applications where the present Invention has particular utility involve the 
purging of cancer cells from cell suspensions and the Isolation and enrichment of stem 
cells from cell suspensions. These applications are important components in many 
30 clinical treatment therapies involving, for example, cancer treatment, organ transplant, 
and gene therapy. Patients receiving cancer therapies (intensive 
chemotherapy/irradiation) require stem cell transplants in order to survive the effects of 
the therapy. Stem cell-containing tissue for transplant may be derived from donor bone 

man-ow (allogeneic transplant) or from the patient's own bone marrow or peripheral 

35 blood after mobilisation (autologous transplant). In both instances, there is a need for 
• effective cell separation methods to enrich the transplant tissue In stem cells and reduce 
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the number of undesirable and deleterious cells (e.g mature T cells in allogeneic 
transplants and residual cancer cells in autologous transplants). 

A variety of gene therapies involving genetically manipulated stem cells are 
under development for treating a variety of blood-related diseases (e.g AIDS, leukemia, 
other cancers etc). 

it will be appreciated by persons skilled in the art that numerous variations and/or 
modifications may be made to the invention as shown in the specific embodiments 
without departing from the spirit or scope of the invention as broadly described. The 
present embodiments are, therefore; to be considered in all respects as illustrative and 
not restrictive. 

Dated this 15th day of May 2003 

4 

Gradipore Limited 

Patent Attorneys for the Applicant 

ALLENS ARTHUR ROBINSON 
PATENT & TRADE MARKS ATTORNEYS 
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Figure 1. Time course of erythrocyte movement in the Microflow. 
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Figure 2. Time course of leukocyte enrichment and erythrocyte removal from a 
leukocyte/erythrocyte cell suspension in the cathodic chamber of the Microflow. 



